Atherosclerosis is a chronic inflammatory disease that involves multiple cell types such as macrophages, endothelial cells, and vascular smooth muscle cells (VSMCs). Although many drugs or treatments have been identified to prevent atherosclerosis progression, none have been found capable of completely reversing plaque formation [@bib1]. Atherosclerosis has a memory effect and progresses at its own pace once atherosclerotic plaques are formed [@bib2].

The memory effects are mediated by epigenetic modifications including noncoding ribonucleic acid (RNA), deoxyribonucleic acid (DNA) methylation, and histone acetylation. A recent study showed that epigenetic modification can be heritable and dynamic in cells even after the stress has been removed [@bib3]. MicroRNAs (miRNAs) are small noncoding RNAs that bind to the 3ʹ untranslated region (UTR) of messenger RNA (mRNA) to depress target protein translation, which has been associated with many diseases such as tumors, immune dysfunction, hypertension, diabetes mellitus, and cardiovascular disease (CVD). miR-145 is one of the most important miRNAs in CVD, especially in atherosclerosis and pulmonary hypertension, because of its abundant expression in VSMCs and its role in VSMC phenotype transformation [@bib4], [@bib5], [@bib6]. miR-145 maintains VSMCs in the contraction phenotype, which is more resistant to atherogenic factors. miR-145 inhibits the abnormal proliferation of VSMCs during the initiation of plaques by directly stimulating the translation of myocardin or suppressing Krüppel-like factor 5 and Krüppel-like factor 4 [@bib7]. miR-145^−/−^ mice develop spontaneous atherosclerotic lesions without hypercholesterolemia [@bib8]. Overexpression of miR-145 in VSMCs alleviates atherosclerosis in apolipoprotein E (ApoE)--deficient mice (ApoE^−/−^mice) and increases the stability of lesions by elevating the VSMCs and collagen content [@bib9], [@bib10]. Although these previous studies demonstrated that miR-145 plays a protective role in atherosclerosis progression, the reason for the consistent down-regulation of miR-145 in plaques remains unknown.

DNA methylation is one of the most understood epigenetic modifications. In brief, the cytosines in CpG islands (CG-dinucleotide--rich regions) can be converted to 5-methylcytosine (5-mC) catalyzed by DNA methyltransferases (DNMTs) and further combined by methyl-CpG--binding proteins [@bib11]. DNA methylation is a negative regulatory mechanism in cells through gene silencing in eukaryotic genomes. The methylation status is a dynamic process mediated by the methylation system of DNMTs or by a demethylation system such as TET2 (ten-eleven translocation 2) [@bib12]. Although still controversial, the demethylation agent 5-aza-2ʹ-deoxycytidine (5-aza) was shown to inhibit atherosclerosis formation [@bib13], [@bib14]. Recent studies have shown that the expression of miR-145 is also regulated by methylation. Abnormally high methylation of the miR-145 promoter was reported to cause a low expression level of miR-145 [@bib15], [@bib16], [@bib17]. However, whether the silence of miR-145 in CVD (especially in atherosclerosis) is also mediated by methylation and which enzyme might be involved in miR-145 methylation in plaques require further investigation.

In this paper, we sought to study the methylation status of the miR-145 promoter in atherosclerosis. We found that the hypermethylation of miR-145 might account for its low expression and subsequent activation of downstream inflammation signaling in vivo and in vitro.

Methods {#sec1}
=======

Ethics statement and tissue samples {#sec1.1}
-----------------------------------

Male 6- to 8-week-old ApoE^−/−^ mice were purchased from Vital River Laboratories (a distributor of Jackson Laboratory, Beijing, China) and housed in pathogen-free standard conditions. Mice were fed a Western diet (0.15% cholesterol, 20% fat) and euthanized through CO~2~ anesthesia at different weeks on the basis of experimental demand. Aortas were removed, and the portion from the root to the ascending aorta was cross-sectioned (5 μm) for staining; the other parts were used for DNA, RNA, or protein extraction. All animal experimental procedures were conducted in conformity with institutional guidelines for the care and use of laboratory animals at Jiangsu University, Zhenjiang, China, and conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals (publication No. 85-23, revised 1996).

Cell culture and treatment {#sec1.2}
--------------------------

Mouse VSMCs were isolated from the aortas of male 8-week-old C57BL/6J mice as reported previously [@bib18], [@bib19]. Cells were cultured in DF12 (Dulbecco's modified Eagle's medium and Ham's F-12 nutrient mixture) containing 10% fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml streptomycin at 37°C with 5% CO~2~. Cells at \<5 passages were used in all cell experiments. For related experiments, cells were treated with 10 ng/ml tumor necrosis factor (TNF)-α (PeproTech, Rocky Hill, New Jersey) for 24 h or TNF-α plus 5 μmol/ml of 5-aza (MilliporeSigma, St. Louis, Missouri) for 48 h. In a CD137-associated assay, VSMCs were pre-treated with TNF-α (10 ng/ml) for 24 h to elevate the CD137 levels on the membrane and further treated with 10 μg/ml recombinant CD137L (Sangon Biotech, Shanghai, China) to activate CD137 signaling [@bib20].

5-aza treatment of ApoE^−/−^ mice {#sec1.3}
---------------------------------

Eight-week-old ApoE^−/−^ mice were fed a Western diet for 12 weeks to initiate plaque formation and then divided into a 5-aza group and a saline group. C57BL/6 mice were fed a Western diet for 24 weeks, as was the wild-type (WT) group. Mice were administered saline or 5-aza injection IP (0.25 mg/kg body weight, 3 times per week) for another 12 weeks [@bib21], [@bib22] and euthanized through CO~2~ anesthesia, as described previously. The serum was stored overnight and collected at 1,000 *g* for 20 min for enzyme-linked immunosorbent assay, and aortas were dissected for immune staining or further assay.

Bisulfite genomic sequencing and methylation-specific polymerase chain reaction {#sec1.4}
-------------------------------------------------------------------------------

DNA was extracted from cells or tissues with a DNeasy Blood & Tissue Kit (QIAGEN, Germantown, Maryland), and bisulfite conversion was performed through an EpiTect Fast DNA bisulfite kit (QIAGEN). Generally, aortas were cut into small pieces, supplemented with 20 μl of proteinase K in buffers, and incubated at 56°C until completely lysed. DNA was extracted, and 1 μg of DNA was used for bisulfite conversion. The subsequent assays were performed according to the protocol. After conversion, the DNA was used in a methylation-specific polymerase chain reaction (MSP) for the +129 CpG site or sent to Sangon Biotech for bisulfite genomic sequencing (BSP) detection. The primer sequence is shown in [Supplemental Table 1](#appsec1){ref-type="sec"}.

Histology, immunohistochemistry, and immunofluorescence {#sec1.5}
-------------------------------------------------------

Aortic paraffin sections were subjected to dewaxing and hydration. Masson staining was used to observe the fibrous cap in plaques. The plaque size and necrotic core were measured using 3 sections per mouse through Image-Pro Plus (Media Cybernetics, Inc., Rockville, Maryland). After antigen retrieval and blocking, immunostaining was performed using the following primary antibodies: Mac3 (BD Pharmingen, San Diego, California), nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3) (Abcam, Cambridge, United Kingdom; 1:200), and α-smooth muscle actin (α-SMA) (MilliporeSigma; 1:500). After they were washed in phosphate-buffered saline, sections were further incubated with goat biotinylated anti-rabbit IgG (Boster, Pleasanton, California; 1:200) for immunohistochemistry or DyLight 594 goat anti-rabbit (Abbkine, Wuhan, China) for immunofluorescence. Images were obtained with an Olympus microscope.

Western blot {#sec1.6}
------------

Proteins were extracted using radioimmunoprecipitation assay, separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis, and then transferred to polyvinylidene fluoride membranes. The membranes were blocked and incubated with antibodies against interleukin (IL)-β, NLRP3, CD137, DNMT3a, and DNMT3b (Abcam); TET2 (Proteintech, Wuhan, China); and DNMT1 and nuclear factor of activated T cells 1 (NFATc1, Cell Signaling Technology, Inc., Danvers, Massachusetts). Membranes were washed 3 times and incubated with a horseradish peroxidase--labeled secondary antibody. Bands were detected by enzyme-linked chemiluminescence according to the manufacturer's protocol (ECL, Bio-Rad, Hercules, California).

Chromatin immunoprecipitation assay at the miR-145 promoter {#sec1.7}
-----------------------------------------------------------

A chromatin immunoprecipitation (ChIP) assay was performed according to the instructions of the SimpleChIP enzymatic chromatin IP kit (Cell Signaling Technology). Cells (1.2 × 10^7^) were collected and cross-linked with formaldehyde at a final concentration of 37%. The nuclei in the cell lysate were treated with 0.5 μl of micrococcal nuclease per 4 × 10^6^ cells to digest chromatin, and nuclei were broken with an ultrasonic sonicator (25 kw/20 s) 3 times. Anti-DNMT1 (Abcam) or anti-TET2 (Proteintech) was coated overnight to pull down the chromatin. Rabbit anti-H3 and rabbit IgG served as the positive and negative control, respectively. Relative data quantification was performed using the 2^−ΔΔCt^ method, and the result was calculated in the form of 2% input, as follows: Enrichment = 2% × 2^(CtInput−CtChIP)^.

miRNA extraction and real-time quantitative polymerase chain reaction {#sec1.8}
---------------------------------------------------------------------

Total RNA or miRNAs were extracted from cells or tissue samples with TRIzol (Invitrogen/Thermo Fisher Scientific, Waltham, Massachusetts) according to the manufacturer\'s protocol. Complementary DNA (cDNA) synthesis of mRNA or miRNA was performed with Thermo Fisher reverse transcription reagents or an miRNA First Strand cDNA Synthesis kit (Sangon Biotech), respectively, as instructed by each product manual. GAPDH or U6 was used as a control. The primers were synthesized by Sangon Biotech.

Vectors, cell culture, and treatment {#sec1.9}
------------------------------------

The eukaryotic expression vectors p3×FLAG-CMV-24 and PLKO.1-puro were obtained from MilliporeSigma. The NFATc1 and CD137 overexpression vectors with and without the 3ʹUTR were constructed by amplifying mouse spleen cDNA with Phanta Super-Fidelity DNA Polymerase (Vazyme Biotech, Nanjing, China) and cloning the amplified products at the Kpn I/BamH I sites of the p3×FLAG-CMV-24 vector to obtain the constructs p3×FLAG-NFATc1-3ʹUTR, p3×FLAG-NFATc1, p3×FLAG-CD137-3ʹUTR, and p3×FLAG-CD137. The TET2 or NFATc1 overexpression and small hairpin RNA targeting NFATc1 (sh-NFATc1) or DNMT1 (sh-DNMT1) knockdown sequences were inserted into the pLenti-puro or PLKO.1 vector, respectively, to create an overexpression or knockdown plasmid. pLenti-NFATc1 and pLenti-TET2 plasmids were constructed using ECOR I/Xba I sites. 293T cells were obtained from ATCC (Manassas, Virginia). The miR-145 mimic/inhibitor and mimic control/inhibitor control were purchased from Biomics (Nantong, China). Cells were transfected accordingly through Lipofectamine 2000 (Thermo Fisher).

Lentivirus package and infection {#sec1.10}
--------------------------------

The lentivirus plasmids constructed above were packaged in 293T cells by cotransfecting a lentiviral vector and packaging plasmids PMD2G (0.5 μg/well) and PSPAX2 (1 μg/well) with Lipofectamine 2000. Cell supernatants were collected to obtain viruses at 24 h and 48 h. Acquired lentiviruses were used to infect VSMCs cultured in 60-mm dishes, which reached 60% confluence in the presence of polybrene (8 μg/ml), and were screened with puromycin (3.5 μg/ml) to establish the corresponding stable cell lines.

Luciferase reporter assay {#sec1.11}
-------------------------

PsiCHECK2 reporter vectors containing the 3ʹUTRs of NFATc1 or CD137 and their mutants were cotransfected with mimic/inhibitors or mimic control/inhibitor control into 293T cells after the procedure. At 48 h after transfection, luciferase activity was determined (Promega, Madison, Wisconsin).

Enzyme-linked immunosorbent assay {#sec1.12}
---------------------------------

Cell supernatants and mouse sera, which were stored at 4°C overnight and acquired after being centrifuged at 1,000 *g* for 20 min, were sent to Multi Sciences Biotech Co. (Hangzhou, China) to detect the level of mature IL-1β in vivo or vitro.

DNMT1 activity assay and 5-hydroxymethylcytosine detection {#sec1.13}
----------------------------------------------------------

DNMT1 activity and 5-hydroxymethylcytosine (5-hmC) level were detected by an EpiQuik DNA methyltransferase 1 activity assay kit (EpiGentek, Farmingdale, New York) and a Quest 5-hmC detection kit (Zymo Research, Irvine, California) to observe DNMT1 or TET2 activity, respectively. The assays were performed according to the manufacturers' instructions. The results were detected by a microplate reader at 450 nm or by real-time polymerase chain reaction. DNMT1 activity (OD/h/μg) was calculated as follows, where OD indicates optimal density: (no inhibitor OD -- blank OD) × 1,000/DNMT1 amount (ng) added in the reaction × h.

miRNA mimic or inhibitor transfection {#sec1.14}
-------------------------------------

Mimics and inhibitors, which increase or decrease miR-145, respectively, were purchased from RiboBio (Guangzhou, Guangdong, China). VSMCs were seeded in a 6-well plate and were transfected when they reached 50% confluence. Appropriate concentration mimics or inhibitors were transfected to cells through Lipofectamine 2000, following the manufacturer's instructions. For the in vivo study, 50 mg/kg miR-145 antagomir and the relative antagomir control were injected into ApoE^−/−^ mice via tail veins every 3 days for 6 weeks.

Statistical analysis {#sec1.15}
--------------------

Histology and immunohistochemistry were analyzed with Image-Pro Plus. Triplicate wells were used for each treatment within an experiment, and at least 3 independent experimental studies were performed for each type of experiment. Data are expressed as the mean ± SEM of at least 3 independent experiments and were compared by a Student's *t*-test or ANOVA with Newman-Keuls post hoc tests (multiple comparisons) using SPSS version 12.0 (SPSS, Chicago, Illinois). Two-tailed p \< 0.05 was considered significant.

Results {#sec2}
=======

Depression of miR-145 associated with plaque progression in ApoE^−/−^ mice {#sec2.1}
--------------------------------------------------------------------------

Although a reduced miR-145 level is found in plaques, it is not known whether reduced miR-145 is associated with plaque progression. Thus, we analyzed the miR-145 level in the aortas of ApoE^−/−^ mice fed a Western diet (0, 12, and 24 weeks). Masson staining revealed a gradual increase in plaque content with a necrotic core ([Figures 1A and 1B](#fig1){ref-type="fig"}), and Mac3 staining was used as a marker for inflammation ([Figures 1C and 1D](#fig1){ref-type="fig"}). As expected, the level of miR-145 gradually decreased with the progression of plaques and inflammation ([Figure 1E](#fig1){ref-type="fig"}).Figure 1Decreased Level of miR-145 With Plaque Progression**(AandB)** Six-week-old ApoE^−/−^ mice were fed a Western diet for 0, 12, and 24 weeks, and sections of ascending aortas were stained with Masson to observe the fibers. Lesion size and necrotic core were measured by Image-Pro Plus. Values are mean ± SEM from 6 animals in each group; \*p \< 0.05 vs. the 0-week group. **(CandD)** Immunohistochemistry of Mac3, which represents macrophage infiltration, with staining to show the inflammatory content of plaques. Mean density and IOD were calculated for each group. Values are mean ± SEM from 6 animals in each group; \*p \< 0.05 vs. the 0-week group. **(E)** Total RNAs were extracted from aortas and reverse transcribed to complementary deoxyribonucleic acid, and the level of miR-145 was measured. Values are mean ± SEM from 6 animals in each group; \*p \< 0.05 vs. the 0-week group. ApoE^−/−^ = apolipoprotein E--deficient; IOD = integrated optimal density; miR-145 = microRNA 145; RNA = ribonucleic acid.

Hypermethylation of the miR-145 promoter observed in vivo and in vitro {#sec2.2}
----------------------------------------------------------------------

Through NCBI (National Center for Biotechnology Information) and MethPrimer database analysis, we found that there was 1 CpG island with 7 CpG sites in the miR-145 promoter ([Supplemental Figure I](#appsec1){ref-type="sec"}). BSP suggested that the total methylation degree of the CpG island increased with plaque progression. In addition, the +129 CpG site in the island was altered significantly ([Figures 2A to 2C](#fig2){ref-type="fig"}). Given that miR-145 was abundant and played an important role in VSMC function, we analyzed the miR-145 methylation status under inflammatory conditions in vitro. Different concentrations of TNF-α were used to stimulate VSMCs. Although 20 and 40 ng/ml of TNF-α induced down-regulation of miR-145, the 10 ng/ml concentration showed a significant effect and was used for subsequent experiments ([Supplemental Figure II](#appsec1){ref-type="sec"}). To further investigate whether the depression of miR-145 induced by TNF-α was mediated by methylation, 5-aza was used to inhibit methylation. Interestingly, 5-aza treatment did not affect miR-145 expression in normal VSMCs but rescued the miR-145 reduction in VSMCs treated with TNF-α ([Figure 2D](#fig2){ref-type="fig"}). We also performed BSP to define the miR-145 CpG island methylation status in cells. In accordance with animal studies, TNF-α induced CpG island hypermethylation compared with that of the control group. Interestingly, the +129 CpG site also seemed to be a significant site, as was found for plaques. This finding implies that the +129 CpG site might be the major point regulating miR-145 expression and might be the downstream target of inflammatory cytokines ([Figures 2E and 2F](#fig2){ref-type="fig"}). To validate this result, we designed a pair of primers containing the +129 CpG site for MSP under treatment with several inflammatory cytokines. As shown in [Supplemental Figure III](#appsec1){ref-type="sec"}, TNF-α, IL-1β, and interferon-γ all induced methylation of the +129 CpG site.Figure 2Methylation Status of the miR-145 Promoter In Vivo and In Vitro**(A)** The CpG island of the miR-145 promoter was predicted, and primers were designed using MethPrimer [@bib23]. **(BandC)** BSP and the relative methylation ratio (20 clones) of each CpG site of the miR-145 promoter in aortas of ApoE^−/−^ mice fed a Western diet (0, 12, and 24 weeks) are shown. Values are mean ± SEM from 6 animals in each group; \*p \< 0.05. **(D)** Level of miR-145 in vascular smooth muscle cells treated with TNF-α (10 ng/ml) or 5-aza (0, 2.5, or 5 nmol). Values are mean ± SEM of 3 samples in each group; \*p \< 0.05. **(EandF)** BSP and methylation rate of the miR-145 promoter in vascular smooth muscle cells treated with TNF-α or 5-aza. Values are mean ± SEM of 3 samples in each group; \*p \< 0.05, \*\*\*p \< 0.01. 5-aza = 5-aza-2ʹ-deoxycytidine; BSP = bisulfite genomic sequencing; Con = control; TNF = tumor necrosis factor.

DNMT1 and TET2 altered dynamically in plaques and VSMCs {#sec2.3}
-------------------------------------------------------

To clarify the underlying mechanisms of miR-145 methylation, we analyzed the expression of DNMT proteins and TET2 both in vivo and in vitro. We found increased expression of DNMT1 and decreased expression of TET2 during plaque progression (at 0, 6, 12, 18, and 24 weeks), whereas the expression of DNMT3a and DNMT3b was not altered ([Figures 3A and 3B](#fig3){ref-type="fig"}). The results were also confirmed in VSMCs treated with TNF-α ([Figures 3C and 3D](#fig3){ref-type="fig"}). Therefore, DNMT1 and TET2 were investigated further in VSMCs. We also found that TNF-α increased both the expression and activity of DNMT1 while decreasing the levels of TET2 and 5-hmC, which could be alleviated by 5-aza ([Figures 3E to 3H](#fig3){ref-type="fig"}).Figure 3Expression and Activity of Methylation-Associated Proteins In Vivo and In Vitro**(AandB)** The protein level of methylation-associated proteins (DNMT1, DNMT3a, DNMT3b, and Tet2) in aortas of ApoE^−/−^ mice fed a Western diet (0, 6, 12, 18, and 24 weeks). Values are mean ± SEM from 6 animals in each group; \*p \< 0.05 vs. the 0-week group. **(CandD)** Protein level of methylation-associated proteins in vascular smooth muscle cells treated with TNF-α (5 or 10 ng/ml). Values are mean ± SEM of 3 samples in each group; \*p \< 0.05. **(EandF)** Protein-level alterations in DNMT1 and Tet2 induced by TNF-α in vascular smooth muscle cells were rescued with 5-aza treatment. Values are mean ± SEM of 3 samples in each group; \*p \< 0.05. **(G)** DNMT1 enzyme activity was measured in vascular smooth muscle cells treated with TNF-α or TNF-α + 5-aza. Values are mean ± SEM of 3 samples in each group; \*p \< 0.05. **H**, 5-hmC content, which represents Tet2 activity in vascular smooth muscle cells treated with TNF-α or TNF-α + 5-aza (n = 3). Values are mean ± SEM from 3 samples in each group; \*p \< 0.05. 5-hmC = 5-hydroxymethylcytosine; DNMT = deoxyribonucleic acid methyltransferase; Tet2 = ten-eleven translocation 2; other abbreviations as in [Figure 2](#fig2){ref-type="fig"}.

Methylation of miR-145 mediated by DNMT1 and TET2 {#sec2.4}
-------------------------------------------------

Given that methylation dynamic alteration can be regulated by inflammation through DNMT1 and TET2, these 2 enzymes were either knocked down or overexpressed in subsequent studies. Real-time polymerase chain reaction results showed that miR-145 expression was increased in the sh-DNMT1 group or pLenti-TET2 group compared with the control group ([Figures 4A and 4B](#fig4){ref-type="fig"}). MSP was performed to determine the +129 CpG site methylation status of miR-145, as described previously. The bands of the methylated specific primer were obvious in the sh-con + TNF-α group or the pLenti-con + TNF-α group, whereas DNMT1 knockdown or TET2 overexpression led to the appearance of unmethylated specific bands instead of methylated specific bands, which meant demethylation of the +129 CpG site ([Figure 4C](#fig4){ref-type="fig"}). The ChIP assay verified that binding of DNMT1 to the miR-145 promoter was increased, whereas the binding ability to TET2 was decreased in the TNF-α group ([Figures 4D and 4E](#fig4){ref-type="fig"}).Figure 4Methylation of the miR-145 Promoter Was Mediated by DNMT1 and Tet2 Dynamic Alteration**(AandB)** DNMT1 knockdown or Tet2 overexpression efficiency and the effect on miR-145 expression in vascular smooth muscle cells treated with TNF-α. Values are mean ± SEM of 3 samples in each group; \*p \< 0.05. **(C)** Methylation-specific polymerase chain reaction of the +129 CpG site in vascular smooth muscle cells treated with TNF-α with knockdown of DNMT1 or overexpression of Tet2. The methylated specific bands were obvious in the sh-con or Plenti-con groups treated with TNF-α, whereas the unmethylated specific bands were obvious in the sh-DNMT1 + TNF-α group and Plenti-Tet2 + TNF-α group. **(D)** Chromatin immunoprecipitation assay identified the miR-145 promoter sequence binding with DNMT1 and Tet2. **(E)** The relative enrichment rate of the chromatin immunoprecipitation assay was determined by real time polymerase chain reaction. Values are mean ± SEM of 3 samples in each group; \*p \< 0.05 vs. the con group. IgG = immunoglobulin G; mRNA = messenger ribonucleic acid; sh- = small hairpin RNA targeting; other abbreviations as in [Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}.

Demethylation treatment inhibited NLRP3 inflammasome activation {#sec2.5}
---------------------------------------------------------------

In [Figure 1](#fig1){ref-type="fig"}, we demonstrated that the degree of inflammation is associated with miR-145 expression and methylation. Given that the NLRP3 inflammasome is one of the most important molecules in inflammatory reactions, we examined whether NLRP3 activation was regulated by methylation. Immunofluorescence was performed to determine the location of NLRP3. In aortic sections of ApoE^−/−^ mice fed a Western diet, we found that the expression of NLRP3 increased with plaque progression. In aortic sections from severe plaques, NLRP3 was detected in VSMCs in the fibrous cap ([Figure 5A](#fig5){ref-type="fig"}). Western blotting also showed that the protein levels of NLRP3 and IL-1β were increased with plaque progression ([Figure 5B](#fig5){ref-type="fig"}). These results imply that NLRP3 can contribute to plaque progression and rupture. We then administered 5-aza (0.25 mg/kg) to ApoE^−/−^ mice to confirm the effect of DNA demethylation on NLRP3 inflammasomes. 5-Aza treatment alleviated plaque formation and NLRP3 expression in ApoE^−/−^ mice ([Figures 5C to 5E](#fig5){ref-type="fig"}). Both the total methylation rate and the +129 CpG site methylation rate were increased in the saline group compared with the 5-aza group and WT mouse group ([Figure 5F](#fig5){ref-type="fig"}). Enzyme-linked immunosorbent assay also revealed a lower level of IL-1β in the serum of mice treated with 5-aza ([Figure 5G](#fig5){ref-type="fig"}). We then explored the association between methylation and NLRP3 in vitro and found that 5-aza treatment, DNMT1 knockdown, or overexpression of TET2 in VSMCs attenuated the NLRP3 activation induced by TNF-α, which implied that demethylation treatment can attenuate inflammasomes through the modulation of DNMT1 or TET2 ([Figure 5H](#fig5){ref-type="fig"}).Figure 5Demethylation Treatment Ameliorated NLRP3 Inflammasome Activation**(A)** Immunofluorescence of NLRP3 and α-SMA in ascending aortas of ApoE^−/−^ mice fed a Western diet (0, 12, and 24 weeks). **(B)** Western blot and quantitative results of NLRP3, pro-IL-1β, and mature IL-1β in aortas of ApoE^−/−^ mice fed a Western diet (0, 6, 12, 18, and 24 weeks). Values are mean ± SEM from 6 animals in each group; \*p \< 0.05 vs. the 0-week group. **(C)** Immunofluorescence of NLRP3 and α-SMA in aortas of WT mice fed a 24-week Western diet or ApoE^−/−^ mice fed a 12-week Western diet and treated with 5-aza or phosphate-buffered saline for another 12 weeks (0.25 mg/kg body weight, 3 times per week). Values are mean ± SEM from 6 animals in each group; \*p \< 0.05. **(DandE)** Masson and Mac3 immunohistochemistry in aortas of WT mice or ApoE^−/−^ mice treated with 5-aza to analyze plaque components. Values are mean ± SEM from 6 animals in each group; \*p \< 0.05. **(F)** BSP and relative methylation rate (20 clones) of the +129 CpG site of the miR-145 promoter in aortas of ApoE^−/−^ mice treated with 5-aza. Values are mean ± SEM from 6 animals in each group; \*p \< 0.05. **(G)** Concentration of IL-1β in the serum of ApoE^−/−^ mice treated with 5-aza. Values are mean ± SEM from 6 animals in each group; \*p \< 0.05. **(H)** Western blot of NLRP3, pro-IL-1β, and mature IL-1β in vascular smooth muscle cells with demethylation treatment (5-aza, knockdown of DNMT1, or overexpression of Tet2). Values are mean ± SEM of 3 samples in each group; \*p \< 0.05. α-SMA = α-smooth muscle actin; IL = interleukin; NLRP3 = nucleotide-binding oligomerization domain-like receptor protein 3; WT = wild-type; other abbreviations as in [Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, and [3](#fig3){ref-type="fig"}.

miR-145 mediates the inhibitory effect of 5-aza on NLRP3 inflammasomes {#sec2.6}
----------------------------------------------------------------------

miR-145 is one of the most important protective miRNAs in atherosclerosis, and its anti-inflammatory effect has been reported. We demonstrated that 5-aza treatment enhanced the expression of miR-145; however, whether miR-145 could inhibit NLRP3 inflammasomes remained unknown. An miRNA mimic and inhibitor were used to up-regulate or down-regulate miR-145, respectively. Protein levels of NLRP3 or IL-1β were elevated under TNF stimulation in VSMCs but were decreased in the presence of the miR-145 mimic ([Figures 6A and 6B](#fig6){ref-type="fig"}). Importantly, the anti-inflammasome effect of 5-aza was inhibited by blocking miR-145 with the miR-145 inhibitor ([Figures 6C and 6D](#fig6){ref-type="fig"}). IL-1β levels were elevated in both the TNF-α group and the miR-145 inhibitor group, which indicates activation of the NLRP3 inflammasome ([Figures 6E and 6F](#fig6){ref-type="fig"}). In ApoE^−/−^ mice fed a Western diet, the miR-145 antagomir eliminated the benefits of 5-aza treatment on NLRP3 activation and plaque stability. Compared with mice in the 5-aza group, mice in the miR-145 antagomir plus 5-aza group showed more NLRP3 expression in VSMCs and displayed a larger necrotic core in lesions ([Supplemental Figure IV](#appsec1){ref-type="sec"}).Figure 6MiR-145 Inhibited NLRP3 Inflammasome Activation Induced by TNF-α in Vascular Smooth Muscle Cells**(AandB)** Western blot and quantitative results of NLRP3, pro-IL-1β, and mature IL-1β in vascular smooth muscle cells treated with TNF-α and the miR-145 mimic (100 nmol/l). Values are mean ± SEM of 3 samples in each group; \*p \< 0.05. **(CandD)** Western blot and quantitative results of NLRP3, pro-IL-1β, and mature IL-1β in vascular smooth muscle cells treated with 5-aza and the miR-145 inhibitor (100 nmol/l). Values are mean ± SEM of 3 samples in each group; \*p \< 0.05. **(E)** Concentration of IL-1β in supernatants of vascular smooth muscle cells with different treatments. Values are mean ± SEM of 3 samples in each group; \*p \< 0.05. **(F)** Immunofluorescence of IL-1β accumulation in vascular smooth muscle cells with different treatments. INC = inhibitor control; NC = mimic control; other abbreviations as in [Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, and [3](#fig3){ref-type="fig"} and [5](#fig5){ref-type="fig"}.

CD137 and NFATc1 are the downstream target genes of miR-145 {#sec2.7}
-----------------------------------------------------------

To clarify how miR-145 regulates NLRP3, we investigated the potential target gene of miR-145. CD137, also called TNFRSF9, belongs to the TNF receptor superfamily. Several studies have demonstrated that CD137 plays an important role in immune reactions and inflammation. Our previous study discovered that CD137/NFATc1 signaling accelerates plaque formation and induces IL-1β secretion in VSMCs (data not shown). TargetScan and PicTar revealed that both CD137 and NFATc1 are direct target genes of miR-145 ([Supplemental Figure V](#appsec1){ref-type="sec"}). Thus, we hypothesized that the effect of miR-145 on NLRP3 could be associated with the CD137/NFATc1 pathway. mRNA levels of CD137 and NFATc1 were decreased or increased gradually when cells were transfected with the miR-145 mimic or inhibitor, respectively ([Figure 7A](#fig7){ref-type="fig"}). Moreover, the miR-145 mimic inhibited the CD137 and NFATc1 proteins induced by TNF-α, whereas the miR-145 inhibitor inhibited the effect of 5-aza ([Figure 7B](#fig7){ref-type="fig"}). To define the target site in the 3ʹUTRs (noncoding regions), we cloned the CD137 or NFATc1 gene, which included the 3ʹUTRs, into a p3×FLAG-CMV-24 eukaryotic expression plasmid. The mimic inhibited the plasmid in the WT group, whereas no changes were observed if the 3ʹUTR was deleted ([Figure 6C](#fig6){ref-type="fig"}). The dual-luciferase assay showed a similar tendency ([Figure 6D](#fig6){ref-type="fig"}). Together, these data suggest that CD137 and NFATc1 are the target genes of miR-145.Figure 7CD137/NFATc1 Axis Was Directly Targeted by miR-145**(A)** Relative mRNA expression levels of NFATc1 and CD137 in the miR-145 mimic- or inhibitor-treated group were determined by quantitative polymerase chain reaction. Values are mean ± SEM of 3 samples in each group; \*p \< 0.05. **(B)** Protein levels of CD137 and NFATc1 altered by TNF-α or 5-aza could be rescued by an miR-145 mimic or inhibitor. **(C)** Expression of eukaryotic vectors with or without CD137 or NFATc1 3ʹUTR regulated by the miR-145 mimic. **(D)** Luciferase assay of the CD137 and NFATc1 3ʹUTR or the corresponding mutation plasmid treated with the mimic. Values are mean ± SEM of 3 samples in each group; \*p \< 0.05. MUT-UTR = mutation plasmid; NFATc1 = nuclear factor of activated T cells 1; n.s. = nonsignificant; other abbreviations as in [Figures 2](#fig2){ref-type="fig"}, [4](#fig4){ref-type="fig"}, [5](#fig5){ref-type="fig"}, and [6](#fig6){ref-type="fig"}.

CD137/NFATc1 signaling contributed to NLRP3 activation {#sec2.8}
------------------------------------------------------

Lastly, we investigated the effect of CD137/NFATc1 signaling on NLRP3 inflammasome activity. A recombinant CD137L protein was used to activate CD137 as described previously. Western blotting showed that NLRP3 expression was enhanced by activation of the CD137 signaling pathway. Levels of pre-IL-1β and mature IL-1β were increased in the CD137L group compared with the control group and could be prevented by knocking down NFATc1 ([Figures 8A to 8C](#fig8){ref-type="fig"}).Figure 8CD137/NFATc1 Axis Activated NLRP3 Inflammasome in Vascular Smooth Muscle Cells**(A)** Western blot and quantitative results of NLRP3, pro-IL-1β, and mature IL-1β in vascular smooth muscle cells treated with TNF-α or recombinant CD137L. Values are mean ± SEM of 3 samples in each group; \*p \< 0.05. **(B)** Western blot and quantitative results of NFATc1, NLRP3, pro-IL-1β, and mature IL-1β in vascular smooth muscle cells with knocked-down NFATc1. Values are mean ± SEM of 3 samples in each group; \*p \< 0.05. **(C)** Concentration of IL-1β in supernatants of vascular smooth muscle cells with different treatments. Values are mean ± SEM of 3 samples in each group; \*p \< 0.05. Abbreviations as in [Figures 2](#fig2){ref-type="fig"}, [5](#fig5){ref-type="fig"}, and [7](#fig7){ref-type="fig"}.

Discussion {#sec3}
==========

In this study, we investigated the mechanism involved in abnormal depression of miR-145, which is regarded as a protective factor in atherosclerosis formation. Through both in vitro and in vivo studies, we found that inflammation could induce aberrant hypermethylation of the miR-145 promoter, which was mediated by DNMT1 and TET2 dynamic cooperation. Knockdown of DNMT1, overexpression of TET2, or 5-aza treatment demethylated miR-145 and elevated its expression. The elevation of miR-145 led to repression of the target genes CD137/NFATc1 and reduced the activation of NLRP3 inflammasomes in VSMCs.

Atherosclerosis is a chronic inflammatory disease [@bib24]. Unlike tumors, atherosclerosis is not caused by gene mutations. However, the plaques do not regress even after risk factors are removed [@bib25], [@bib26], which can be explained by epigenetic alterations [@bib27]. Both DNA methylation and miRNA are involved in the development of atherosclerosis. miR-145 is generally considered a protective factor in VSMC phenotype and viability [@bib28]. In the present study, we found that the expression of miR-145 gradually decreased with plaque progression. Genome-wide DNA methylation sequencing revealed that the miR-145 promoter was hypermethylated following plaque aggregation or TNF-α stimulation in VSMCs. Through bioinformatics analysis, we found that there was one CpG island within the miR-145 promoter that contained 7 CpG sites. Interestingly, the +29, +118, and +140 CpG sites could be involved in early plaques, whereas the other 4 CpG sites were methylated in advanced plaques. Among these, the +129 CpG site was methylated with plaque progression and might play a critical role in miR-145 depression. Consequently, we further investigated the relationship between the +129 CpG site and inflammation. We treated the VSMCs with 3 inflammatory cytokines (TNF-α, IL-1β, and interferon-γ). MSP revealed that the methylation status of the +129 CpG site can be regulated by inflammatory cytokines.

A positive correlation between DNA methylation and atherosclerotic lesion grade has been established through genome-wide DNA methylation sequencing in human aortas [@bib29]. In mammalian cells, the methylation is catalyzed by DNMTs, which consist of DNMT1, DNMT3a, and DNMT3b. Among these, DNMT3a and DNMT3b mediate de novo DNA methylation, whereas DNMT1 maintains newly synthesized DNA methylation [@bib30]. Unlike the methylation system, the demethylation system was poorly defined. Despite this finding, TET2 was regarded as the most known demethyltransferase, which could oxidize 5-methylcytosine to 5-hmC and finally convert it to unmethylated cytosine [@bib31], [@bib32]. To explain the mechanism of miR-145 methylation, we explored the role of these 4 enzymes in plaques and VSMCs. Consistent with the findings by Peng et al., an increased expression of DNMT1 and decreased expression of TET2 were observed in plaque formation, whereas the other 2 enzymes, DNMT3a and 3b, were not altered significantly. Furthermore, a similar tendency existed in VSMCs treated with TNF-α, which implies that DNMT1 and TET2 might be the principal molecules mediating the inflammation-associated methylation in atherosclerosis. Both knockdown of DNMT1 and overexpression of TET2 led to miR-145 elevation and demethylation of the +129 CpG site in VSMCs.

It is known that inflammation is a key initiator and driver of atherosclerosis, but the initial factors linking inflammation to atherosclerosis remain unknown. The NLRP3 inflammasome, the most well-known inflammasome, had been identified as the key regulator, which can intensify inflammation in response to a wide range of harmful signals [@bib33], [@bib34]. Increasing evidence suggests that the NLRP3 inflammasome and downstream cytokine IL-1β, which is activated by NLRP3/caspase 1, could be associated with atherogenesis. Furthermore, it has been reported that IL-1β is involved in VSMC proliferation, migration, calcification, and senescence [@bib35], [@bib36], [@bib37]. Inhibition of NLRP3 or IL-1β led to plaque reduction and stabilization [@bib38], [@bib39], [@bib40]; however, the association between NLRP3 and epigenetics, especially in atherosclerosis formation, has not been confirmed. Therefore, we analyzed NLRP3 expression and activation in vivo and in vitro. We showed that 5-aza treatment inhibited NLRP3 expression and reduced IL-1β levels in ApoE^−/−^ mice. In VSMCs, 5-aza treatment, knockdown of DNMT1, or overexpression of TET2 rescued the NLRP3 activation induced by TNF-α. To explore whether this phenomenon was mediated by miR-145, the inhibitor of miR-145 was used simultaneously with 5-aza to block miRNA expression. Inhibition of miR-145 elevated the NLRP3 and IL-1β levels, which were reduced by 5-aza. These data suggest that miR-145 could be the key molecule between methylation and NLRP3. miRNAs repress mRNA through binding to its 3ʹUTR. Because NLRP3 and IL-1β were not the direct targets of miR-145, as evidenced by the bioinformatics analysis, we hypothesized that miR-145 represses NLRP3 activity through targeting another inflammation pathway. Recent studies have demonstrated that CD137/NFATc1 is an important signaling pathway in VSMC inflammation and plaque formation [@bib18], [@bib41], [@bib42]. We previously observed elevated IL-1β levels in VSMC supernatants when CD137 was activated (data not shown). Therefore, NLRP3 might be associated with CD137 signaling. TargetScan and PicTar revealed that both CD137 and the downstream NFATc1 could be the target genes of miR-145. Thus, we hypothesized that CD137/NFATc1 signaling might be the mediator between miR-145 and NLRP3. We proved that miR-145 represses the mRNA of both CD137 and NFATc1 and decreases their protein levels directly. Knockdown of NFATc1 alleviates NLRP3 inflammasome activation induced by CD137 signaling.

Conclusions {#sec4}
===========

In this study, we found that miR-145 expression in plaques was regulated by DNMT1-mediated or TET2-mediated promoter hypermethylation. The decreased expression of miR-145 led to CD137/NFATc1 up-regulation, which induced NLRP3 activation, inflammation, and atherosclerosis progression. Our findings provide new insights linking inflammation to atherosclerosis and open the door to the development of new therapies ([Figure 9](#fig9){ref-type="fig"}).Figure 9Hypermethylation of the miR-145 Promoter Is the Key Regulator of NLRP3 Inflammasome Activation and Plaque FormationInflammation-induced DNMT1 elevation or Tet2 reduction in vascular smooth muscle cells (VSMCs) of the aortic wall, which led to miR-145 promoter hypermethylation and its low expression. Low levels of miR-145 weakened the inhibitory effect of miR-145 on the CD137/NFATc1 axis, which further activated the NLRP3 inflammasome to amplify the inflammatory reaction and induce plaque formation or rupture. Abbreviations as in [Figures 3](#fig3){ref-type="fig"}, [5](#fig5){ref-type="fig"}, and [7](#fig7){ref-type="fig"}.

Perspectives**COMPETENCY IN MEDICAL KNOWLEDGE:** This paper demonstrates that DNMT1 and TET2 dynamic balance contributes to methylation status changes under inflammation. It is implied that other genes may also be controlled by these 2 enzymes.**TRANSLATIONAL OUTLOOK:** The abnormal hypermethylation of the miR-145 promoter could be the initiating step of plaque and contributes to plaque progression. Therapeutic reagents that alleviate the methylation level might be used to treat plaque. More importantly, the methylation status of miR-145 could also be used in determining the prognosis for atherosclerosis.
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